Electromagnetically induced transparency-like behavior in the extreme ultraviolet (XUV) is studied theoretically, including the effect of intense 800 nm laser dressing of He 2s2p ( 1 P o ) ( 1 P o ) and 2p 2
[12] predicted an EIT for X-rays in laser dressed neon. More recently, Ranitovic et al.
31
[13] used a two-color multiphoton ionization of helium in combined IR laser and XUV high 32 harmonic fields to control the transparency. They showed that this scheme can induce full 33 electromagnetic transparency.
34
Quantum mechanical calculations of the photoabsorption spectra for the dressed atoms 35 represent a challenge for theory, especially when the dressing laser pulse couples doubly-of our model are discussed in Sec. II. A detailed description of the field free Hamiltonian and static photoabsorption spectrum is given in Sec. III, while Sec. IV discusses the pho-69 toabsorption yields of the dressed atom.
70
Atomic units are used throughout the rest of the paper.
71

II. THEORETICAL APPROACH
72
The model introduced in the present study is based on the experimental publication of to 73 Loh et al. [11] . In that experiment the 2s2p ( is produced with a table-top, laser-based setup by high-order harmonic generation (HHG).
78
The authors use a commercial Ti:sapphire laser system (2.4 W, 800 nm, 42 fs, 1 kHz) to 
87
The XUV laser pulse couples the 1s 2 ground state with the 2s2p ( as a function of the XUV photon energy ω X for different dressing-probe time delays t D .
92
The computed loss of the ground state population is interpreted as the total photoabsorp-93 tion yield. Its comparison with the yields obtained when the IR pulse is absent allows for 94 recognition of EIT-like structures.
95
Helium is a two-electron system. The two-particle basis set used in the present calcula-
96
tions consists of LS-coupled independent-particle basis functions [18, 19] . The Hamiltonian
97
for the interaction of each electron with the core is
where r is the coordinate of the electron with respect to the nucleus. The corresponding (ra-99 dially rescaled) single-particle radial wave function ϕ(r) for an electron with orbital angular 100 momentum l, is given by
The atomic Hamiltonian including the interaction between the electrons is 102
where r 12 = |r 1 − r 2 | is the distance between the electrons.
103
To calculate the time development of the ground state population we solve the TDSE for 104 the two linearly-polarized laser fields in the length gauge:
where D I,X (t) = E I,X (t) · d = E I,X (t) · (r 1 + r 2 ) are the interaction operators for the IR
106
and XUV laser pulse in the dipole approximation, respectively. V C denotes the complex 107 absorbing potential (CAP) added to treat ionization properly within the context of a finite 108 volume calculation. As in the experimental convention, a positive time delay t D means that 109 the XUV probe pulse center arrives later than the pump pulse center. The electric fields 110 E I (t) and E X (t) are given by
where ω I,X are the IR and XUV laser field frequencies,ẑ is the unit vector along the po-112 larization axis, E 0 I,X are the peak amplitudes of the electric fields and f I,X (t) are the pulse 113 envelopes. Throughout this work it is assumed that both envelopes have the cos 2 form
resp.,
where τ I,X denote the durations of the respective laser pulses. 
where η > 0 is the strength of the CAP and r b is the inner boundary of the absorber. The 119 TDSE (4) is integrated in a box using the expansion of the time-dependent wave function 120 Ψ(r 1 , r 2 , t) in a basis set consisting of eigenstates of the field-free atomic Hamiltonian H:
where Φ Ln (r 1 , r 2 ) denotes the n th eigenfunction of H having total angular momentum L and 122 corresponding to the real "box" eigenenergy ǫ Ln :
The expansion (9) includes N L eigenstates for the angular momentum L, and it includes all 124 the angular momenta up to L max . The basis set used in the variational calculations of the 125 field-free eigenstates Φ Ln (r 1 , r 2 ) consists of LS-coupled independent-particle basis functions.
126
Antisymmetric two-electron basis functions coupled to form a state of definite S, L, and 127 parity P are constructed in terms of one-electron orbitals (2) as explained in Refs. [18, 19] .
128
The radial one-electron wave functions ϕ jl (r) are obtained by solving Eq. (2) in a radial box 
The radial box is divided into several intervals (denoted by index k) by knots and the
134
B-splines are defined in terms of the knots in each interval. axis. Accordingly it is also enough to consider only the z-component of the dipole operator.
154
According to the selection rules for the matrix elements of the dipole moment operators
156
Projection of the TDSE (4) on the eigenstates of the field-free Hamiltonian (10) yields 157 the following set of coupled differential equations of the first order:
where c(t) is the vector of expansion coefficients used in (9) and the matrices on the right 
161
In the present representation H is a real diagonal matrix of the field-free atomic eigenen- Ref. [5] . Using this approximation the system of coupled differential equations (12) can be 187 written as follows:
The structure of the matrices is showed in Fig. 1 . The atomic system is initially in the the wave function until the time
. Although the total wave 197 function described by the vector c(t) changes at times t > t 1 due to the presence of the
198
CAP, the population of the ground state will remain constant after the end of the pulses,
199
since the ground state wave function is well localized in the region where the CAP is zero.
200
Therefore, for the purpose of the present project it is enough to perform the propagation this is an important simplification of the numerical calculations.
205
The method of solution of the TDSE used in the present work is based on the split 206 operator method in the basis set representation and it is described in the appendix in detail.
207
This represents an alternative approach to the higher-order quadrature methods [19, 27, 28] 208 frequently used in context of the interaction of atoms and molecules with strong laser fields.
209
Application of the split-operator technique is straightforward in case of the wave-packet 210 propagation (for details see Ref.
[29] and references therein). However, the exponential of of the dipole operators, as is discussed in the Appendix.
216
The photoabsorption yields obtained from the solutions of the TDSE (13) Although we have found that the eigenrepresentation of the atomic Hamiltonian H with-223 out the CAP is more practical for the solutions of the TDSE (13), it is useful to study the 224 spectrum of the complex symmetric Hamiltonian
This representation allows for easier optimization of the CAP parameter η and of the size 226 of the radial box r 0 . The complex eigenenergies allow for a better insight into the structure 227 of the discretized continuum and evaluate its quality for the solution of the full TDSE as 228 well. The eigenfunctions φ Ln (r 1 , r 2 ) of the complex symmetric operator
given by the equation
where the indices L, n have identical meaning as in Eq. (10). The complex eigenergies can calculations of the dipole matrix d to calculate the static photoabsorption spectrum using time-dependent perturbation theory.
288
The corresponding loss of population of the ground state is shown in Fig. 3 . This curve Table I . As expected, suggests that the results are not sensitive to the details of the XUV pulse envelope.
302
IV. PHOTOABSORPTION BY THE DRESSED HELIUM ATOM
303
The loss of the ground state population at the end of the probe pulse p(ω X ) = 1−|c 00 (t 1 )| The present calculations account for the time profile of both pulses, whereby the pho- 
328
The change of the optical density ∆OD is calculated using the formula that takes into 329 account the energy resolution of the spectrometer used in the experiment [11]:
where σ(ω) and σ 0 (ω) are the photoabsorption cross section of the dressed medium and 331 static photoabsorption cross section in the absence of the IR pulse, respectively. n t is the 332 atom number density of the helium gas in the tube and ℓ is the length of the tube in the photoabsorption rate (probability per photon per second) dp/dt for an infinitely long 338 monochromatic pulse with photon energy ω is given by the formula 339 σ(ω) = dp(ω) dt
where dp/dt is the photoabsorption rate as a function of the photon energy ω and I is the 
where p(ω X ) is the photoabsorption probability obtained from Eq. (13), T X is the duration 347 of the XUV pulse and I X is the corresponding XUV pulse intensity used to calculate p(ω X ).
348
The scaling factor A approximately accounts for the time dependence of the XUV field peak that develops with increasing time delay is a consequence of the rising maximum of 368 the photoabsorption spectrum due to decreasing IR intensities probed by the XUV pulse.
369
The figure shows that this peak develops in the present calculations more rapidly with profile have more difficult structure than a simple gaussian envelope as it is assumed in this 374 work. Therefore, the discrepancies between the experimental transient absorption spectra 375 published in Ref.
[11] and the spectra presented here can possibly be attributed to the 376 simplified shape of the XUV pulse assumed in the present theoretical treatment.
377
Although the photoabsorption yields in Fig. 4 show the reduced XUV photon absorption Table I ). In order to suppress the effect of the optical field ionization, the peak then the application of this method to the present system of equations (13) The first and third exponential terms in this equation can be calculated rather easily, as they be tested and its implementation will be the subject of forthcoming research.
529
In conclusion, the time required to calculate the matrices V 
